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Precision measurements of electroweak observables provide stringent tests of the
Standard Model structure and an accurate determination of its parameters. An





The Standard Model (SM) constitutes one of the most successful achievements
in modern physics. It provides a very elegant theoretical framework, which is
able to describe all known experimental facts in particle physics. A detailed
description of the SM and its impressive phenomenological success can be found
in Refs. 1 and 2, which discuss the electroweak and strong sectors, respectively.
The high accuracy achieved by the most recent experiments allows to make
stringent tests of the SM structure at the level of quantum corrections. The
dierent measurements complement each other in their dierent sensitivity
to the SM parameters. Confronting these measurements with the theoretical
predictions, one can check the internal consistency of the SM framework and
determine its parameters.
These lectures provide an overview of our present experimental knowledge
on the electroweak couplings. A brief description of some classical QED tests is
presented in Section 2. The leptonic couplings of the W bosons are analyzed
in Section 3, where the tests on lepton universality and the Lorentz structure
of the l− ! ll0−l0 transition amplitudes are discussed. Section 4 describes
the status of the neutral{current sector, using the latest experimental results
reported by LEP and SLD. Some summarizing comments are nally given
in Section 5. I have skipped completely the analysis of the W couplings
to the charged quark currents; a rather exhaustive description of the existing
constraints on the quark{mixing matrix and the present status of CP{violation
phenomena has been given in Refs. 3 and 4.




A general description of the electromagnetic coupling of a spin{12 charged lep-
ton to the virtual photon involves three dierent form factors:














where q is the photon momentum. Owing to the conservation of the electric
charge, F1(0) = 1. At q
2 = 0, the other two form factors reduce to the lepton
magnetic dipole moment l  (e=2ml) (gl=2) = e(1 + F2(0))=2ml, and electric
dipole moment dl = eF3(0)=2ml.
The Fi(q
2) form factors are sensitive quantities to a possible lepton sub-
structure. Moreover, F3(q
2) violates T and P invariance; thus, the electric
dipole moments, which vanish in the SM, constitute a good probe of CP vi-
olation. Owing to their chiral{changing structure, the magnetic and electric
dipole moments may provide important insights on the mechanism responsible
for mass generation. In general, one expects5 that a fermion of mass mf (gen-
erated by physics at some scale M  mf) will have induced dipole moments
proportional to some power of mf=M .
The measurement of the e+e− ! l+l− cross-section has been used to test
the universality of the leptonic QED couplings. At low energies, where the
Z contribution is small, the deviations from the QED prediction are usually
parameterized througha







The cut-o parameters  characterize the validity of QED and measure the
point-like nature of the leptons. From PEP and PETRA data, one nds:6
+(e) > 435 GeV, −(e) > 590 GeV, +() > 355 GeV, −() > 265 GeV,
+() > 285 GeV and −() > 246 GeV (95% CL), which correspond to
upper limits on the lepton charge radii of about 10−3 fm.
The most stringent QED test comes from the high{precision measurements
of the e and  anomalous magnetic moments7{18 al  (gl − 2)=2:
ae =

(115 965 214:0 2:8) 10−11 (Theory)




(1 165 917:1 1:0) 10−9 (Theory)
(1 165 923:0 8:4) 10−9 (Experiment)
: (4)
aA slightly dierent parameterization is adopted for e+e− ! e+e−, to account for the
t{channel contribution.6
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Figure 1: Some Feynman diagrams contributing to al.
The impressive agreement between theory and experiment (at the level of the
ninth digit for ae) promotes QED to the level of the best theory ever build
by the human mind to describe nature. Hypothetical new{physics eects are
constrained to the ranges jaej < 1:110−10 and jaj < 2:210−8 (95% CL).
To a measurable level, ae arises entirely from virtual electrons and pho-
tons; these contributions are known8 to O(4). The sum of all other QED
corrections, associated with higher{mass leptons or intermediate quarks, only
amounts to +(0:4366 0:0042) 10−11, while the weak interaction eect is a
tiny +0:0030 10−11; these numbers8 are well below the present experimen-
tal precision. The theoretical error is dominated by the uncertainty in the
input value of the electromagnetic coupling . In fact, turning things around,
one can use ae to make the most precise determination of the ne structure
constant:8
−1 = 137:03599993 0:00000052 : (5)
The resulting accuracy is one order of magnitude better than the usually quoted
value19 −1 = 137:0359895 0:0000061.
The anomalous magnetic moment of the muon is sensitive to virtual con-





main theoretical uncertainty on a has a QCD origin. Since quarks have
electric charge, virtual quark{antiquark pairs can be created by the photon
leading to the so{called hadronic vacuum polarization corrections to the pho-
ton propagator (Figure 1.c). Owing to the non-perturbative character of QCD
at low energies, the light{quark contribution cannot be reliably calculated at
present; fortunately, this eect can be extracted from the measurement of the
cross-section (e+e− ! hadrons) at low energies, and from the invariant{mass
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distribution of the nal hadrons in  decays.18 The large uncertainties of the
present data are the dominant limitation to the achievable theoretical precision
on a. It is expected that this will be improved at the DANE  factory, where
an accurate measurement of the hadronic production cross-section in the most
relevant kinematical region is expected.20 Additional QCD uncertainties stem
from the (smaller) light{by{light scattering contributions, where four photons
couple to a light{quark loop (Figure 1.d); these corrections are under active
investigation at present.12{16
The improvement of the theoretical a prediction is of great interest in view
of the new E821 experiment,21 presently running at Brookhaven, which aims to
reach a sensitivity of at least 4 10−10, and thereby observe the contributions
from virtual W and Z bosons9{11 (ajweak  15  10−10). The extent to
which this measurement could provide a meaningful test of the electroweak
theory depends critically on the accuracy one will be able to achieve pinning
down the QCD corrections.
Experimentally, very little is known about a since the spin precession
method used for the lighter leptons cannot be applied due to the very short
lifetime of the  . The eect is however visible in the e+e− ! +− cross-
section. The limit ja j < 0:023 (95% CL) has been derived22 from PEP and
PETRA data. This limit actually probes the corresponding form factor F2(s)
at s  35 GeV. A more direct bound at q2 = 0 has been extracted23 from the
decay Z ! +−γ:
ja j < 0:049 (90% CL) : (6)
A better, but more model{dependent, limit has been obtained24 from the Z !
+− decay width: −0:004 < a < 0:006.
In the SM the overall value of a is dominated by the second order QED
contribution,25 a  =2. Including QED corrections up to O(3), hadronic
vacuum polarization contributions and the corrections due to the weak inter-
actions (which are a factor 380 larger than for the muon), the tau anomalous




= (1:1773 0:0003) 10−3 : (7)
So far, no evidence has been found for any CP{violation signature in the
lepton sector. The present limits on the leptonic electric dipole moments
are:19, 23
de = (−0:27 0:83) 10
−26 e cm;
d = (3:7 3:4) 10
−19 e cm; (8)
jd j < 2:7 10
−16 e cm (90% CL) :
4
3 Charged{Current Couplings
















35 + h.c. : (9)
In the original basis of weak eigenstates quarks and leptons have identical
interactions. The diagonalization of the fermion masses gives rise to the unitary
quark mixing matrix Vij , which couples any up{type quark with all down{type
quarks. For massless neutrinos, the analogous leptonic mixing matrix can be
eliminated by a redenition of the neutrino elds. The lepton flavour is then
conserved in the minimal SM without right{handed neutrinos.









Figure 2: {decay diagram.
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Figure 3: {decay diagram.
The simplest flavour{changing process is the leptonic decay of the muon, which
proceeds through the W{exchange diagram shown in Figure 2. The momen-
tum transfer carried by the intermediate W is very small compared to MW .





















is called the Fermi coupling constant. GF is xed by the total decay width,
1













where f(x) = 1− 8x+ 8x3 − x4 − 12x2 lnx, and




















takes into account the leading higher{order corrections.28, 29 The measured
lifetime,19  = (2:19703 0:00004) 10−6 s, implies the value






The decays of the  proceed through the same W{exchange mechanism as
the leptonic  decay. The only dierence is that several nal states are kine-
matically allowed: − ! e−e, − ! −, − ! du and − ! su.
Owing to the universality of the W{couplings, all these decay modes have equal
amplitudes (if nal fermion masses and QCD interactions are neglected), ex-
cept for an additional NC jVuij2 factor (i = d; s) in the semileptonic channels,
where NC = 3 is the number of quark colours. Making trivial kinematical























From the measured muon lifetime, one has then   3:3  10−13 s, to be
compared with the experimental value19, 30 exp = (2:900 0:012) 10
−13 s.
The branching ratios into the dierent decay modes are predicted to be:
B!l  Br(






Γ( !  + hadrons)
Γ(− ! e−e)
 NC ; (17)
in good agreement with the measured numbers,19 given in Table 1. Our naive
predictions only deviate from the experimental results by about 20%. This is
6
Table 1: Experimental values19 of some basic  decay branching fractions.
B!e (17:80 0:08)%
B! (17:30 0:10)%
RB  (1−B!e −B!)=B!e 3:646 0:022
Br(− ! −) (11:07 0:18)%
Br(− ! K−) (0:71 0:05)%











Figure 4: Relation between B!e and  . The dotted band corresponds to Eq. (18).
the expected size of the corrections induced by the strong interactions between
the nal quarks, that we have neglected. Notice that the measured  hadronic
width provides strong evidence for the colour degree of freedom.
The pure leptonic decays − ! e−e ; − are theoretically under-
stood at the level of the electroweak radiative corrections.29 The corresponding
decay widths are given by Eqs. (13) and (14), making the appropriate changes
for the masses of the initial and nal leptons.
Using the value of GF measured in  decay, Eq. (13) provides a relation






(1:6321 0:0014) 10−12 s
: (18)
The errors reflect the present uncertainty of 0:3 MeV in the value of m .
The predicted B!=B!e ratio is in perfect agreement with the measured
value B!=B!e = 0:9720:007. As shown in Figure 4, the relation between
7
B!e and  is also well satised by the present data. Notice, that this relation
is very sensitive to the value of the  mass [Γ(− ! l−l ) / m5 ]. The
experimental precision (0.4%) is already approaching the level where a possible
non-zero  mass could become relevant; the present bound
32 m < 18:2 MeV
(95% CL) only guarantees that such eect is below 0.08%.
3.3 Semileptonic Decays
Semileptonic decays such as − ! P− or P− ! l−l [P = ;K] can be
predicted in a similar way. The eects of the strong interaction are contained
in the so{called decay constants fP , which parameterize the hadronic matrix
element of the corresponding weak current:









Taking appropriate ratios of dierent semileptonic decay widths involv-
ing the same meson P , the dependence on the decay constants factors out.






















































= 480:4 1:1 ;
where R!e= = −(3:76  0:04)%, R= = (0:16  0:14)% and R=K =
(0:90  0:22)% are the computed33, 34 radiative corrections. These predic-
tions are in excellent agreement with the measured ratios:19, 30, 35, 36 R!e= =
(1:2310 0:0037) 10−4, R= = 9937 166 and R=K = 477 34.
3.4 Universality Tests
All these measurements can be used to test the universality of the W couplings
to the leptonic charged currents. Allowing the coupling g in Eq. (9) to depend
on the considered lepton flavour (i.e. ge, g, g ), the ratios B!=B!e and
8




 BW!=e (pp) 0:98 0:03
BW!=e (LEP2) 0:92 0:08





 BW!= (pp) 1:02 0:05
BW!= (LEP2) 1:18 0:11
R!e= constrain jg=gej, while B!e= and R=P provide information on
jg=gj. The present results are shown in Tables 2 and 3, together with the
values obtained from the comparison of the   B partial production cross-
sections for the various W− ! l−l decay modes at the pp colliders,19 and from
the most recent LEP2 measurements of the leptonic W branching ratios.37
Although the direct constraints from the measured W− ! l−l branching
ratios are meager, the indirect information obtained in W{mediated decays
provides stringent tests of the W interactions. The present data verify the
universality of the leptonic charged{current couplings to the 0.15% (=e) and
0.30% (=) level. The precision of the most recent {decay measurements is
becoming competitive with the more accurate {decay determination. It is im-
portant to realize the complementarity of the dierent universality tests. The
pure leptonic decay modes probe the charged{current couplings of a transverse
W . In contrast, the decays =K ! l and  ! =K are only sensitive to
the spin{0 piece of the charged current; thus, they could unveil the presence
of possible scalar{exchange contributions with Yukawa{like couplings propor-
tional to some power of the charged{lepton mass. One can easily imagine new
physics scenarios which would modify dierently the two types of leptonic cou-
plings.5 For instance, in the usual two Higgs doublet model, charged{scalar
exchange generates a correction to the ratio B!=B!e, but R!e= remains
unaected. Similarly, lepton mixing between the  and an hypothetical heavy
9
neutrino would not modify the ratios B!=B!e and R!e=, but would cer-
tainly correct the relation between B!l and the  lifetime.
3.5 Lorentz Structure
Let us consider the leptonic decays l− ! ll0−l0 , where the pair (l, l0) may be
(, e), ( , e), or ( , ). The most general, local, derivative{free, lepton{number















contains ten complex coupling constants or, since a common phase is arbitrary,
nineteen independent real parameters which could be dierent for each leptonic
decay. The subindices ; !; ;  label the chiralities (left{handed, right{handed)
of the corresponding fermions, and n the type of interaction: scalar (I), vector
(γ), tensor (=
p
2). For given n; ; !, the neutrino chiralities  and  are
uniquely determined.
Taking out a common factor Gl0l, which is determined by the total decay







where Nn = 2, 1, 1=
p
3 for n = S, V, T. In the SM, gVLL = 1 and all other
gn! = 0.
The couplings gn! can be investigated through the measurement of the nal
charged{lepton distribution and with the inverse decay l0 l! l0l. For  decay,
where precise measurements of the polarizations of both  and e have been
performed, there exist19 stringent upper bounds on the couplings involving
right{handed helicities. These limits show nicely that the bulk of the {decay
transition amplitude is indeed of the predicted V−A type: jgVLLj > 0:96 (90%
CL). Improved measurements of the  decay parameters will be performed at
PSI and TRIUMPH.45
The {decay experiments are starting to provide useful information on the
decay structure. Figure 6 shows the most recent limits obtained by CLEO.46
The measurement of the  polarization allows to bound those couplings involv-
ing an initial right{handed lepton; however, information on the nal charged{
lepton polarization is still lacking. Moreover, the measurement of the inverse
decay  l ! l, needed to separate the gSLL and g
V
LL couplings, looks far out
of reach.
10
Figure 5: 90% CL experimental limits19 for
the normalized {decay couplings g0n! 
gn!=N










































































Figure 6: 90% CL experimental limits46
for the normalized {decay couplings g0n! 
gn!=N
n, assuming e= universality.
4 Neutral{Current Couplings












3 (1− 4jQf j sin
2 W ) ; af = T
f
3 : (24)
These neutral current couplings have been precisely tested at LEP and SLC.37
4.1 Tree{Level Phenomenology
The gauge sector of the SM is fully described in terms of only four parameters:
g, g0, and the two constants characterizing the scalar potential. We can trade
these parameters by , W , MW and MH . Alternatively, one can choose as
free parameters , MZ , GF and MH ; this has the advantage of using the 3
most precise experimental determinations to x the interaction.
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Taking as inputs Eqs. (5), (15) and37



































= 0:2122 : (29)
The predicted W mass is in reasonable agreement with the measured value,37
MW = 80:43 0:08 GeV.



















where Nl = 1 and Nq = NC . Summing over all possible nal fermion pairs,
one predicts the total width ΓZ = 2:474 GeV, to be compared with the exper-
imental value37 ΓZ = (2:49480:0025) GeV. The leptonic decay widths of the
Z are predicted to be Γl  Γ(Z ! l+l−) = 84:84 MeV, in agreement with the
measured value Γl = (83:91 0:10) MeV.








2 (jvlj2 + jalj2)
= 5:866 ; (31)



























The comparison with the experimental values, shown in Table 4, is quite good.
Additional information can be obtained from the study of the fermion{pair
production process
e+e− ! γ; Z ! ff : (33)
For unpolarized e+ and e− beams, the dierential e+e− ! γ; Z ! ff cross-








A (1 + cos2 ) +B cos  − hf

C (1 + cos2 ) +D cos 
}
; (34)
where hf (= 1) is the helicity of the produced fermion f and  is the scattering
angle between e− and f . Here,











B = 4aeaf Re() + 8veaevfaf jj2;


























The coecients A, B, C and D can be experimentally determined, by
measuring the total cross-section, the forward{backward asymmetry, the po-














































NF and NB denote the number of f ’s emerging in the forward and backward
hemispheres, respectively, with respect to the electron direction.
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For s = M2Z , the real part of the Z propagator vanishes and the photon
exchange terms can be neglected in comparison with the Z{exchange contri-
butions (Γ2Z=M
2
Z  1). Eqs. (37) become then,




























is the average longitudinal polarization of the fermion f , which only depends
on the ratio of the vector and axial{vector couplings. Pf is a sensitive function
of sin2 W .
The measurement of the nal polarization asymmetries can (only) be done
for f =  , because the spin polarization of the  ’s is reflected in the distorted
distribution of their decay products. Therefore, P and Pe can be determined
from a measurement of the spectrum of the nal charged particles in the decay
of one  , or by studying the correlated distributions between the nal products
of both  0s.48
With polarized e+e− beams, one can also study the left{right asymmetry
between the cross-sections for initial left{ and right{handed electrons. At the Z
peak, this asymmetry directly measures the average initial lepton polarization,












= −Pe : (40)
SLD has also measured the left{right forward{backward asymmetry for b and









Using the value of the weak mixing angle determined in Eq. (29), one gets
the predictions shown in the second column of Table 4. The comparison with




0;q; however, all leptonic asymmetries disagree with the
measured values by several standard deviations. As shown in the table, the
14
Table 4: Comparison between tree{level SM predictions and experimental37 measurements.
The third column includes the main QED and QCD corrections. The experimental value for






Parameter Tree{level prediction Experimental
Naive Improved value
MW (GeV) 80.94 79.96 80:43 0:08
s2W 0.2122 0.2311 0:23152 0:00023
ΓZ (GeV) 2.474 2.490 2:4948 0:0025
Γl (MeV) 84.84 83.41 83:91 0:10
Γinv=Γl 5.866 5.966 5:960 0:022
Rl 20.29 20.88 20:775 0:027
0had (nb) 42.13 41.38 41:486 0:053
A0;lFB 0.0657 0.0169 0:0171 0:0010
Pl −0:296 −0:150 −0:1505 0:0023
A0;bFB 0.210 0.105 0:0984 0:0024
A0;cFB 0.162 0.075 0:0741 0:0048
Pb −0:947 −0:936 −0:900 0:050
Pc −0:731 −0:669 −0:650 0:058
Rb 0.219 0.220 0:2170 0:0009
Rc 0.172 0.170 0:1734 0:0048
same happens with the heavy{flavour forward{backward asymmetries A0;b=cFB ,
which compare very badly with the experimental measurements; the agreement
is however better for Pb=c.
Clearly, the problem with the asymmetries is their high sensitivity to the
input value of sin2 W ; specially the ones involving the leptonic vector coupling
vl = (1 − 4 sin
2 W )=2. Therefore, they are an extremely good window into
higher{order electroweak corrections.
4.2 Important QED and QCD Corrections
Before trying to analyze the relevance of higher{order electroweak contribu-
tions, it is instructive to consider the well{known QED and QCD corrections.
The photon propagator gets vacuum polarization corrections, induced by
virtual fermion{antifermion pairs. Their eect can be taken into account
through a redenition of the QED coupling, which depends on the energy
scale of the process; the resulting eective coupling (s) is called the QED
15
running coupling. The ne structure constant in Eq. (5) is measured at very
low energies; it corresponds to (m2e). However, at the Z peak, we should




−1  −1 (1−) = 128:896 0:090 : (42)
The quoted uncertainty arises from the light{quark contribution, which is es-
timated from (e+e− ! hadrons) and {decay data.
This running eect generates an important change in Eq. (26). Since
GF is measured at low energies, while MW is a high{energy parameter, the










 Ω = [38:439 GeV]2; (43)
Changing Ω by Ω in Eqs. (28) and (29), one gets the corrected predictions:
MW = 79:96 GeV; s
2
W = 0:2311 : (44)
So far, we have treated quarks and leptons on an equal footing. However,
quarks are strong{interacting particles. The gluonic corrections to the Z ! qq
decays can be directly incorporated into the formulae given before, by taking






+ : : :
o
 3:12 ; (45)
where we have used s(M
2
Z)  0:12 . Note that the strong coupling also runs;
one should then use the value of s at s = M
2
Z .
The third column in Table 4 shows the numerical impact of these QED and
QCD corrections. In all cases, the comparison with the data gets improved.
However, it is in the asymmetries where the eect gets more spectacular. Ow-
ing to the high sensitivity to s2W , the small change in the value of the weak
mixing angle generates a huge dierence of about a factor of 2 in the predicted
asymmetries. The agreement with the experimental values is now very good.
4.3 Higher{Order Electroweak Corrections
Initial{ and nal{state photon radiation is by far the most important numer-
ical correction. One has in addition the contributions coming from photon
exchange between the fermionic lines. All these QED corrections are to a large
16
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Figure 7: Gauge{boson self-energies (vacuum polarization corrections).
extent dependent on the detector and the experimental cuts, because of the
infra-red problems associated with massless photons (one needs to dene, for
instance, the minimun photon energy which can be detected). Therefore, these
eects are usually estimated with Monte Carlo programs and subtracted from
the data. Notice that in the decay − ! e−e, the QED corrections are
already partly included in the denition of GF thus, one should take care of
subtracting those corrections already incorporated in Eq. (14).
More interesting are the so{called oblique corrections, gauge{boson self-
energies induced by vacuum polarization diagrams, which are universal (pro-
cess independent). We have already seen the important role of the photon
self-energy. In the case of the W and the Z, these corrections are sensitive
to heavy particles (such as the top) running along the loop.50
In QED, the vacuum polarization contribution of a heavy fermion pair is
suppressed by inverse powers of the fermion mass. At low energies (s << m2f ),
the information on the heavy fermions is then lost. This decoupling of the
heavy elds happens in theories like QED and QCD, with only vector couplings
and an exact gauge symmetry.51 The SM involves, however, a broken chiral
gauge symmetry. This has the very interesting implication of avoiding the
decoupling theorem,51 oering the possibility to be sensitive to heavy particles
which cannot be kinematically accessed.
The W and Z self-energies induced by a heavy top, i.e. W− ! tb!W−
and Z ! tt! Z, generate contributions which increase quadratically with the
top mass.50 The leading m2t contribution to the W
 propagator amounts to a
−3% correction to the relation (26) between GF and MW .
Owing to an accidental SU(2)C symmetry of the scalar sector (the so{
called custodial symmetry), the virtual production of Higgs particles does not
generate any m2H dependence at one loop (Veltman screening
50). The de-
pendence on the Higgs mass is only logarithmic. The numerical size of the
correction induced on (26) is −0:3% (+1%) for mH = 60 (1000) GeV.
The vertex corrections to the dierent couplings are non-universal and usu-









Figure 8: mt{dependent corrections to the Zbb vertex.
the Zbb vertex, which is sensitive to the top quark mass.52 The Z ff ver-
tex gets 1{loop corrections where a virtual W is exchanged between the two
fermionic legs. Since, the W coupling changes the fermion flavour, the decays
Z ! dd; ss;bb get contributions with a top quark in the internal fermionic
lines. These amplitudes are suppressed by a small quark{mixing factor jVtdi j
2,
except for the Z ! bb vertex because jVtbj  1.
The explicit calculation52{55 shows the presence of hard m2t corrections
to the Z ! bb vertex. This eect can be easily understood52 in non-unitary
gauges where the unphysical charged scalar () is present. The Yukawa cou-
plings of the charged scalar to fermions are proportional to the fermion masses;
therefore, the exchange of a virtual () gives rise to a m2t factor. In the uni-
tary gauge, the charged scalar has been eaten by the W eld; thus, the eect
comes now from the exchange of a longitudinal W, with terms proportional
to qq in the propagator that generate fermion masses.
Since the W couples only to left{handed fermions, the induced eect is
the same on the vector and axial{vector Zbb couplings. It amounts52 to a
−1:5% correction of Γ(Z ! bb).
The non-decoupling present in the Zbb vertex is quite dierent from the
one happening in the boson self-energies. The vertex correction does not have
any dependence with the Higgs mass. Moreover, while any kind of new heavy
particle, coupling to the gauge bosons, would contribute to the W and Z self-
energies, possible new{physics contributions to the Zbb vertex are much more
restricted and, in any case, dierent. Therefore, an independent experimental
test of the two eects is very valuable in order to disentangle possible new{
physics contributions from the SM corrections.
The remaining quantum corrections are rather small. Box diagrams with
two gauge{boson exchanges give a very small contribution at the Z peak,
because they are non resonant (they do not have an on-shell Z propagator).
However, the box correction to the decay − ! e−e is not negligible. The
exchange of a Higgs particle between two fermionic lines is irrelevant, because
the amplitude is suppressed by the product of the two fermionic masses.
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4.4 Lepton Universality
Table 5: Measured values37 of Γl  Γ(Z ! l+l−) and the leptonic forward{backward
asymmetries. The last column shows the combined result (for a massless lepton) assuming
lepton universality.
e   l
Γl (MeV) 83:94 0:14 83:84 0:20 83:68 0:24 83:91 0:10
A0;lFB (%) 1:60 0:24 1:63 0:14 1:92 0:18 1:71 0:10
Table 6: Measured values37 of the leptonic polarization asymmetries.




FB,Pol = −Pe A
0






0:1410 0:0064 0:1399 0:0073 0:1547 0:0032 0:1510 0:0044
Tables 5 and 6 show the present experimental results for the leptonic Z decay
widths and asymmetries. The data are in excellent agreement with the SM pre-
dictions and conrm the universality of the leptonic neutral couplings.b There
is however a small 1:9 discrepancy between the Pe values obtained37 from
A0;FB,Pol and A
0





FB,Pol, results in Pl = −0:1406 0:0048 which disagrees with the A
0
LR
measurement at the 2:4 level. Assuming lepton universality, the combined
result from all leptonic asymmetries gives
Pl = −0:1505 0:0023 (
2=d.o.f. = 6:0=2) : (46)
The measurement of A0;Pol and A
0;
FB,Pol assumes that the  decay pro-
ceeds through the SM charged{current interaction. A more general analy-
sis should take into account the fact that the  decay width depends on the
product P where  (= 1 in the SM) is the corresponding Michel parameter
in leptonic decays, or the equivalent quantity h (= h ) in the semileptonic
modes. A separate measurement of  and P has been performed by ALEPH56
(P = −0:139 0:040) and L357 (P = −0:154 0:022), using the correlated
distribution of the +− decays.
The combined analysis37 of all leptonic observables from LEP and SLD
(A0LR) results in the eective vector and axial{vector couplings given in Ta-
ble 7.c The corresponding 68% probability contours in the al{vl plane are
bA small 0.2% dierence between Γ and Γe; is generated by the m corrections.
cThe asymmetries determine two possible solutions for jvl=alj. The ambiguity can be
solved with lower{energy data or through the measurement of the transverse spin{spin cor-
relation58 of the two  ’s in Z ! +−, which requires59, 60 jvl=alj << 1. The signs of vl
and al are xed by requiring ae < 0.
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Table 7: Eective vector and axial{vector lepton couplings derived from LEP and SLD.37
Without Lepton Universality
LEP LEP + SLD
ve −0:0367 0:0015 −0:03844 0:00071
v −0:0374 0:0036 −0:0358 0:0032
v −0:0367 0:0015 −0:0365 0:0015
ae −0:50123 0:00044 −0:50111 0:00043
a −0:50087 0:00066 −0:50098 0:00065
a −0:50102 0:00074 −0:50103 0:00074
v=ve 1:02 0:12 0:932 0:087
v=ve 0:998 0:060 0:949 0:044
a=ae 0:9993 0:0017 0:9997 0:0016
a=ae 0:9996 0:0018 0:9998 0:0018
With Lepton Universality
LEP LEP + SLD
vl −0:03681 0:00085 −0:03793 0:00058
al −0:50112 0:00032 −0:50103 0:00031
a = v +0:50125 0:00092 +0:50125 0:00092
shown in Figure 9. The measured ratios of the e,  and  couplings provide a
test of charged{lepton universality in the neutral{current sector.
The neutrino couplings can be determined from the invisible Z{decay
width, by assuming three identical neutrino generations with left{handed cou-
plings (i.e., v = a), and xing the sign from neutrino scattering data.
61 The
resulting experimental value,37 given in Table 7, is in perfect agreement with
the SM. Alternatively, one can use the SM prediction for Γinv=Γl to get a
determination of the number of (light) neutrino flavours:37
N = 2:993 0:011 : (47)
The universality of the neutrino couplings has been tested with e scattering
data, which xes62 the  coupling to the Z: v = a = 0:502 0:017.
Using the measured value of Pl, one can extract Pb and Pc from the
forward{backward heavy{flavour asymmetries, measured at LEP. The resulting
values are shown in Table 8, together with the direct SLD determinations
through A0;b=cFB,LR, and the combination of LEP and SLD measurements. The
LEP results are in excellent agreement with SLD, and in reasonable agreement
with the SM predictions (Pb = −0:935, Pc = −0:668). However the combined


















Figure 9: 68% probability contours in the al-vl plane from LEP measurements.
37 The
solid contour assumes lepton universality. Also shown is the 1 band resulting from the
A0LR measurement at SLD. The shaded region corresponds to the SM prediction for mt =
175:6  5:5 GeV and mH = 300
+700
−240 GeV. The arrows point in the direction of increasing
mt and mH values.
results from the sum of three dierent eects: the LEP measurement of A0;bFB is
low (2:0) compared with the SM; the SLD measurement of jPbj is also slightly
lower (0:7); and A0LR is high (2:4) compared to the SM.
Assuming lepton universality, the measured leptonic asymmetries can be











One can also include the information provided by the hadronic asymmetries,
if the hadronic couplings are assumed to be given by the SM; this is justied
by the smaller sensitivity of Pb=c to higher{order corrections. The dierent
determinations37 of sin2 lepte and their combination are shown in Table 9.
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Table 8: Determinations37 of Pb and Pc from LEP data alone (using Pl = −0:14610:0033),
from SLD data alone, and from LEP + SLD data (using Pl = −0:1505  0:0023) assuming
lepton universality.
LEP SLD LEP + SLD
Pb −0:897 0:030 −0:900 0:050 −0:877 0:023
Pc −0:674 0:046 −0:650 0:058 −0:653 0:037








Pe 0:23243 0:00093 0:23162 (41) 0:23162 0:00041 2:6=2
A0;bFB 0:23236 0:00043
A0;cFB 0:23140 0:00111 0:23223 (40) 0:23194 0:00029 4:3=4
hQFBi 0:2322 0:0010 0:2322 (10) 0:23196 0:00028 4:4=5
A0LR 0:23055 0:00041 0:23055 (41) 0:23152 0:00023 12:5=6
4.5 SM Electroweak Fit
Including the full SM predictions at the 1{loop level, the Z measurements can
be used to obtain information on the SM parameters. The high accuracy of
the present data provides compelling evidence for the pure weak quantum cor-
rections, beyond the main QED and QCD corrections discussed in Section 4.2.
The measurements are suciently precise to require the presence of quantum
corrections associated with the virtual exchange of top quarks, gauge bosons
and Higgses.
Figures 10 and 11, taken from Ref. 37, compare dierent LEP measure-
ments with the corresponding SM predictions as a function of the Higgs mass;
also shown is the SLD measurement of A0LR. The cross-hatch pattern parallel
to the axes indicates the variation of the SM prediction with mt = 175:6 5:5
GeV; the coarse diagonal cross-hatch pattern corresponds to a variation of the
strong coupling in the range s(M
2
Z) = 0:118 0:003; and the dense diagonal
cross-hatching to the variation of −1(M2Z) = 128:896  0:090. The experi-
mental errors on the measured parameters are indicated as vertical bands. For
the comparison of Rb with the SM the value of Rc has been xed to the SM
prediction. The overall agreement is good. As can be seen, the asymmetries


































































































































Figure 11: Comparison37 of LEP measurements with the SM predictions as a function of
mH . Also shown is the SLD measurement of A0LR.
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Notice that the uncertainty on (M2Z)
−1 introduces a severe limitation on
the accuracy of the SM predictions. To improve the present determination of
(M2Z)
−1 one needs to perform a good measurement of (e+e− ! hadrons),
as a function of the centre{of{mass energy, in the whole kinematical range
spanned by DANE, a tau{charm factory and the B factories. This would
result in a much stronger constraint on the Higgs mass.
Table 10: Results from the global electroweak ts37 to LEP data alone, to all data except
the direct measurements of mt and MW at Tevatron and LEP2, and to all data.
LEP only All data except All data






















Z) 0:121 0:003 0:120 0:003 0:120 0:003
2=d.o.f. 8=9 14=12 17=15
sin2 lepte 0:23188 0:00026 0:23153 0:00023 0:23152 0:00022
1−M2W=M
2
Z 0:2246 0:0008 0:2240 0:0008 0:2231 0:0006
MW (GeV) 80:298 0:043 80:329 0:041 80:375 0:030
Table 10 shows the constraints obtained on mt, mH and s(M
2
Z), from a
global t to the electroweak data.37 As the sensitivity to the Higgs mass is
logarithmic, the tted values of log (mH) are also quoted. The bottom part of




Z and MW .
Three dierent ts are shown. The rst one uses only LEP data, including
the LEP2 determination of MW . The tted value of the top mass is in good
agreement with the Tevatron measurement,37 mt = 175:6 5:5 GeV, although
slightly lower. The data seems to prefer also a light Higgs. There is a large
correlation (0.76) between the tted values of mt and mH ; the correlation
would be much larger if the Rb measurement was not used (Rb is insensitive
to mH). The extracted value of the strong coupling agrees very well with the
world average value19 s(M
2
Z) = 0:118 0:003.
The second t includes all electroweak data except the direct measure-
ments of mt and MW , performed at Tevatron and LEP2. The tted values
for these two masses agree well with the direct determinations. The indirect
measurements clearly prefer low mt and low mH .
The best constraints on mH are obtained in the last t, which includes all
available data. Taking into account additional theoretical uncertainties (not
included in Table 10) due to the missing higher{order corrections, the global
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Table 11: Summary37 of measurements included in the global analysis of electroweak data.
The third and fourth column show the tted values obtained within the SM and the as-
sociated pulls (dierence between measurement and t in units of the measurement error).
Measurement SM t Pull
MZ (GeV) 91:1867 0:0020 91:1866 0:0
ΓZ (GeV) 2:4948 0:0025 2:4966 −0:7
0had (nb) 41:486 0:053 41:467 0:4
Rl 20:775 0:027 20:756 0:7
A0;lFB 0:0171 0:0010 0:0162 0:9




FB,Pol −0:1399 0:0073 −0:1470 1:0
Rb 0:2170 0:0009 0:2158 1:3
Rc 0:1734 0:0048 0:1723 0:2
A0;bFB 0:0984 0:0024 0:1031 −2:0
A0;cFB 0:0741 0:0048 0:0736 0:1
Pb −0:900 0:050 −0:935 0:7
Pc −0:650 0:058 −0:668 0:3
sin2 lepte (hQFBi) 0:2322 0:0010 0:23152 0:7
sin2 lepte (A
0
LR) 0:23055 0:00041 0:23152 −2:4
MW (GeV) 80:43 0:08 80:375 0:7
mt (GeV) 175:6 5:5 173:1 0:4
1−M2W=M
2
Z (N) 0:2254 0:0037 0:2231 0:6
t results in the upper bound:37
mH < 420 GeV (95% CL) : (49)
The quality of the global electroweak t can better appreciated in Table 11,
where the input measurements are compared with the resulting SM values. The
pulls indicate the dierences between the measurements and the corresponding
t values in units of the experimental errors. The global agreement is quite
good. The distribution of the pulls, with a few 2 deviations, is more or less
what one should expect statistically. As already mentioned before, the largest





The SM provides a beautiful theoretical framework which is able to accommo-
date all our present knowledge on electroweak interactions. It is able to explain
any single experimental fact and, in some cases, it has successfully passed very
precise tests at the 0.1% to 1% level. However, there are still pieces of the SM
Lagrangian which so far have not been experimentally analyzed in any precise
way.
The gauge self-couplings are presently being investigated at LEP2, through
the study of the e+e− ! W+W− production cross-section. The V − A (e-
exchange in the t channel) contribution generates an unphysical growing of the
cross-section with the centre-of-mass energy, which is compensated through a
delicate gauge cancellation with the e+e− ! γ; Z ! W+W− amplitudes.
The recent LEP2 measurements of (e+e− ! W+W−) at 172 GeV, in good
agreement with the SM, have provided already convincing evidence37, 63 for the
contribution coming from the ZWW vertex. With more statistics, it will be
possible to make a detailed investigation of the gauge{boson self-interactions.
The study of this process will also provide a more accurate measurement
of MW , allowing to improve the precision of the neutral{current analyses. The
present LEP2 determination, MW = 80:48 0:14 GeV, is already competitive
with the value MW = 80:410:09 GeV obtained in pp colliders, but its error is
still too large compared with the 41 MeV sensitivity achieved with the indirect
SM t of electroweak data. To achieve this sort of accuracy is one of the main
goals of LEP2.
The Higgs particle is the main missing block of the SM framework. The
data provide a clear conrmation of the assumed pattern of spontaneous sym-
metry breaking, but do not prove the minimal Higgs mechanism embedded
in the SM. At present, a relatively light Higgs seems to be preferred by the
indirect precision tests. LEP2 rst and later LHC will try to nd out whether
such scalar eld exists.
In spite of its enormous phenomenological success, the SM leaves too many
unanswered questions to be considered as a complete description of the fun-
damental forces. We do not understand yet why fermions are replicated in
three (and only three) nearly identical copies? Why the pattern of masses and
mixings is what it is? Are the masses the only dierence among the three
families? What is the origin of the SM flavour structure? Which dynamics is
responsible for the observed CP violation?
Clearly, we need more experiments in order to learn what kind of physics
exists beyond the present SM frontiers. We have, fortunately, a very promising
and exciting future ahead of us.
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